INTRODUCTION
============

DNA methylation is a key epigenetic modification that provides heritable information not encoded in the nucleotide sequence. 5-Methylcytosine is the only known covalent modification of DNA in vertebrates ([@b1]). Mammalian DNA methylation serves a wide range of functions including regulation of gene expression, genomic imprinting and X-chromosome inactivation. It contributes to genomic stability and serves as a defense mechanism against transposable elements ([@b2]--[@b5]). In addition, its role in disease states such as cancer becomes increasingly evident ([@b6]--[@b10]).

Three catalytically active DNA methyltransferases (Dnmts) have been described that are responsible for establishing and maintaining methylation patterns in mammals ([@b4],[@b11]--[@b13]). Dnmt1 has been largely viewed as the maintenance enzyme, owing to its preference for hemimethylated DNA ([@b2]). Dnmt3a and Dnmt3b have no preference and are required for *de novo* methylation activity ([@b14]). During murine preimplantation development methylation levels decrease with some notable exceptions including imprinted genes and IAP elements ([@b3],[@b15]). Around the time of implantation normal methylation levels are restored by the *de novo* methyltransferases and later maintained by Dnmt1.

Targeted gene disruption for each of the catalytically active Dnmts (1, 3a and 3b) results in a lethal phenotype demonstrating the essential role of DNA methylation in development ([@b11],[@b13]). Interestingly, undifferentiated ES cells deficient for Dnmt1, Dnmt3a, Dnmt3b or Dnmt3a/3b do not display any obvious abnormalities ([@b13],[@b16]). Normally in wild-type ES cells most CpG dinucleotides are methylated with the exception of many CpG islands.

The intense interest in the biological functions of DNA methylation and its role in diseases have led to numerous techniques to detect and compare DNA methylation \[reviewed in ([@b8],[@b17])\]. Global methods such as nearest neighbor analysis (NNA) and high-performance liquid chromatography are valuable to quantify the total 5-methylcytosine content of a DNA sample, but information on the position in the genome cannot be gained ([@b18],[@b19]).

Digestion with methylation-sensitive (or methylation-dependent) restriction enzymes (MSREs) has been used to selectively enrich the methylated and unmethylated DNA fractions, respectively ([@b20]--[@b24]). Similarly, methylation-dependent restriction in a cloning host has been employed as a filter against methylation-rich sequences in clone libraries ([@b25]). Another, more recent genome-wide approach used immunopreciptation with a methyl cytosine antibody rather than restriction digestion to enrich for the methylated fraction ([@b26]). The enriched genome fractions are analyzed by sequencing or by array-hybridization ([@b20],[@b21],[@b26]). MSRE-based methods are somewhat indirect in that they discriminate for or against methylation at the recognition site of the particular enzyme used and cannot directly reveal the methylation status of cytosines or CpG dinucleotides outside the restriction site.

In contrast, methylation-sensitive chemical reactions have no specific recognition sequence. Sodium bisulfite efficiently deaminates unmethylated cytosine to uracil without affecting 5-methyl cytosine. In recent years, PCR amplification and sequencing of bisulfite-converted genomic DNA has emerged as the gold standard for analyzing and comparing methylation patterns at specific loci ([@b27]).

Despite these technological advances, in the absence of systematic sequence-based methylation analyses, the genomic methylation landscape in mammals is still largely unexplored. Therefore, the potential diagnostic value of specific methylation differences remains largely untapped.

The human epigenome project (HEP) is aimed at generating a high-resolution DNA methylation map of the human genome ([@b28],[@b29]). To achieve this goal the bisulfite sequencing technique has been scaled-up in a targeted fashion using locus-specific PCR primers.

Here we describe a random approach for large-scale high-resolution DNA methylation analysis termed reduced representation bisulfite sequencing (RRBS). To test the feasibility of the method, we compared wild-type ES cells and ES cells deficient for Dnmt1, Dnmt3a and Dnmt3b. Our data suggest that RRBS provides high-quality data suitable for future large-scale comparative epigenetic studies of DNA methylation in a given cell type or tissue. In addition our sequencing data confirm and complement previous studies on the role of DNA methyltransferases in murine ES cells.

METHODS
=======

RRBS library construction and sequencing
----------------------------------------

Mouse ES DNA (50--100 µg) was digested to completion by overnight incubation with 1000 U of BglII and electrophoresed on a 1.8% agarose gel. Marker lanes were stained with SYBR Green (Invitrogen). A narrow slice containing the 500--600 bp fraction was excised from the unstained preparative portion of the gel. DNA was recovered by electroelution, phenol extraction and ethanol precipitation as described elsewhere ([@b30]). Typical yields were 300--600 ng of size-selected BglII fragments as measured by PicoGreen fluorescence (Invitrogen). The size-selected BglII fragments (1--2 pmol) were ligated to 700 pmol BglII adapter pre-annealed from oligodeoxynucleotides 5′-AGTTATTCCGGACTGTCGAAGCTGAATGCCATGG-3′ and 5′-pGATCCCATGGCATTCAGCTTCGACAGTCCGGAAT-3′ in 70 µl containing 2400 U T4 DNA ligase (New England Biolabs) for 16 h at 14°C. Excess adapter was removed by ultrafiltration (Millipore Montage) followed by preparative electrophoresis in 2% agarose and electroelution, yielding 50--100 ng of adapter-ligated material.

Adapter-ligated, size-selected BglII fragments (50 ng) were bisulfite-treated using the reagents and protocol of the CpGenome DNA modification kit (Chemicon) with the following modifications: the DNA was alkali-denatured for 20 min at 55°C; the total reaction volume was increased from 650 to 750 µl and contained 0.22 g urea ([@b31]); and the mixture was incubated for 24 h at 55°C. After alkaline desulfonation and final desalting, single-stranded uracil-containing reaction products were eluted in 40 µl of TE buffer and converted to double-stranded DNA by PCR with primers 5′-TTGGATTGTTGAAGTTGAATG-3′ and 5′-AAACTATCAAAACTAAATACCATAAAATC-3′ designed to amplify molecules carrying bisulfite-modified adapter sequences at both ends. For each bisulfite reaction, eight 50 µl PCRs were performed, each containing 2.5 µl bisulfite-treated DNA, 25 pmol of each PCR primer and 2.5 U PfuTurboCx Hotstart DNA polymerase (Stratagene). Thermocycling included eight cycles of 'touchdown' ([@b32]) at annealing temperatures from 55 to 52°C (two cycles at each temperature) followed by 10 cycles at an annealing temperature of 51°C. Denaturation (94°C), annealing and extension (72°C) times were 10 s, 30 s and 3 min, respectively. PCR products were cleaned-up by ultrafiltration followed by preparative electrophoresis on a 2% agarose gel. Typical yields were between 50 and 100 ng for each library. Gel-purified PCR product (4 ng) was incubated for 5 min with 1 µl pCR BluntII TOPO vector and cloned by electroporation of *Escherichia coli* TOP10 (Invitrogen). The cloning efficiency was ∼2000 colonies per ng of PCR product.

Plasmid DNA was isolated by standard protocols, and cloned inserts were sequenced using 2.7 pmol M13 reverse primer and 2 µl BigDye3.1 mix (Applied Biosystems) in 10 µl sequencing reactions (25 cycles). Caused by preferential cloning in one orientation, ∼80% of the sequences were the G-poor strand. Most inserts that had been cloned in the other orientation (C-poor strand) sequenced poorly, with peak heights and sequence quality suddenly dropping after 300--400 bases.

Data analysis
-------------

*In silico* digestion of the mouse genome (NCBI Build 33, May 2004) was performed at BglII sites, followed by selection of fragments ranging from 440 to 640 bases. Cytosines were converted to thymine, with upper/lower case used to differentiate converted from original thymines. Each strand was converted separately. Sequencing reads were mapped to the genome by using NCBI BLAST (without query filtering) to search the database of size-selected and converted BglII fragments. The top BLAST hit determined the most probable genome location of each read and also permitted identification of original and converted cytosines over the high-scoring segment pair length. The repeat content of the *in silico* reduced representation and the sets of sequencing reads were compared with that of the whole genome using RepeatMasker (<http://www.repeatmasker.org>). Locations of all sequence reads relative to selected genomic landmarks were determined by comparing fragment coordinates to those of the RefSeq and Ensembl transcript sets and CpG islands from UCSC.

The expected number of redundant RRBS sequences and the sequence overlap between two DNA samples were calculated by composite Poisson statistics in 5 bp bins across the range of insert sizes. *D~i~* is the number of BglII fragments in the reference genome that fall into bin *i*. *N~ai~* is the number of successful sequencing reads from DNA sample *a* that fall into bin *i*. $\sum\left( {N_{ai}^{2}/2D_{i}} \right)$ double-hits in sample a are expected by random sampling ([@b33]). The expected number of BglII fragments sequenced at least once in sample *a* and in sample *b* is $\sum\left\lbrack {\left( {1 - \text{e}^{- N_{ai}/D_{i}}} \right) \times \left( {1 - \text{e}^{- N_{bi}/D_{i}}} \right) \times D_{i}} \right\rbrack.$

ES cell manipulation
--------------------

Lentiviral infections of ES cells were performed as described previously ([@b34]). ES cells were cultivated on irradiated mouse embryonic fibroblasts in DME containing 15% fetal calf serum, leukemia inhibiting factor, penicillin/streptomycin, [l]{.smallcaps}-glutamine and non-essential amino acids. All ES cells were depleted of feeder cells for two passages on 0.2% gelatine before isolating DNA.

Southern blot and methylation analysis
--------------------------------------

To assess the levels of DNA methylation, genomic DNA was digested with HpaII, and hybridized to pMR150 as a probe for the minor satellite repeats ([@b35]), or with an IAP-probe ([@b36]). For the methylation status of imprinted genes, a combined bisulfite restriction analysis (COBRA) assay was performed with the CpGenome DNA modification kit (Chemicon) using PCR primers and conditions described previously ([@b37]). PCR products were gel purified, digested with BstUI or HpyCH4 IV and resolved on a 2% agarose gel. NNA was done as described previously ([@b19]).

RESULTS
=======

Reduced representation bisulfite sequencing
-------------------------------------------

RRBS is analogous to the reduced representation shotgun sequencing used for single nucleotide polymorphism (SNP) discovery ([@b33]). The method is based on size selection of restriction fragments to generate a 'reduced representation' of the genome of a strain, tissue or cell type.

For this study, we digested genomic DNA with BglII and purified fragments between 500 and 600 bp in size on an agarose gel. Based on the available mouse genome sequence, BglII digestion is expected to generate 21939 BglII fragments in this size range comprising ∼12 Mb (0.5%) of the genome. Size-selected BglII fragments were equipped with end adapters, denatured and treated with bisulfite to convert all unmethylated cytosines to uracil. Bisulfite-converted DNA remains single-stranded as the two strands are no longer complementary. Primers specific for the converted adapter sequence and a proofreading thermostable DNA polymerase were used to synthesize the second strand and to PCR amplify the bisulfite-converted material. Blunt-end PCR products were cloned in a plasmid vector and sequenced ([Figure 1](#fig1){ref-type="fig"}).

For analysis of the bisulfite sequences and to identify the corresponding genomic sequence we searched RRBS reads against a reduced representation database of the mouse genome that contained both strands of BglII fragments that had been size-selected and bisulfite-converted *in silico*. When aligned to the original genome sequence, a 5-methylcytosine is thus displayed as a matching C in the bisulfite sequence, and C to T transitions indicate unmethylated cytosines.

Even though bisulfite sequencing is a widespread technique, some concerns persist. Since bisulfite converts single-stranded but not double-stranded DNA, incomplete denaturation or re-annealing leads to incomplete conversion. This complicates the data analysis, as it is not always possible to determine whether an unconverted cytosine represents bona fide methylation or an experimental artifact.

Another potential problem is depurination, strand breakage and DNA degradation caused by the harsh reaction conditions, which lower the yield of full-length BglII fragments significantly. It has been estimated that \>90% of the input DNA is lost to DNA degradation during the first hour of a bisulfite reaction ([@b38]). However, to maximize the conversion rate, the reaction is usually carried out overnight, necessitating extensive PCR amplification before cloning or sequencing to compensate for the inevitable loss of DNA. Moreover, since most proofreading enzymes stall at uracil residues in the template strand, non-proofreading *Taq* polymerase is usually prescribed for second-strand synthesis and PCR amplification which can lead to PCR-induced sequencing errors.

These limitations are less worrisome for single-copy loci, but could be significant in a genome-wide setting, where no preselection against fast-re-annealing repetitive sequences is made and where amplification bias and skewed sequence representation creates serious sampling problems.

Indeed, our preliminary attempts were plagued by DNA degradation, incomplete conversion and poor efficiency of PCR amplification, most probably caused by the re-annealing of repetitive sequences including the common adapter sequence at the ends of each DNA molecule. Moreover, certain sequences were clearly overrepresented in the resulting libraries indicating amplification bias during the PCR. These initial problems were largely remedied by performing the bisulfite reaction in the presence of urea as suggested by Paulin *et al*. ([@b31]) and by fine-tuning experimental parameters such as DNA concentration, time and temperature of the bisulfite reaction, and number of PCR cycles for the double-strand rescue and amplification by a proofreading thermostable DNA polymerase engineered to accept uracil in the template strand ([@b39]).

To test if our optimized protocol was sufficient to achieve complete genome-wide bisulfite conversion without compromising library complexity and representation, we wished to construct and sequence RRBS libraries from genomic DNA that was largely free of methylation. To this end we generated ES cells deficient in all three major DNA methyltransferases.

ES cells deficient for Dnmt1, Dnmt3a and Dnmt3b
-----------------------------------------------

We combined knockouts for the *de novo* Dnmts (Dnmt3a and Dnmt3b) with RNAi-induced knockdown of Dnmt1 ([Figure 2A](#fig2){ref-type="fig"}) using a lentivirus-based system for stable short hairpin RNA (shRNA) expression ([@b34]). The Dnmt1 knockdown resulted in a significant albeit not complete loss of Dnmt1 protein compared with the *Dnmt*\[3a^−/−^,3b^−/−^\] control cells ([Figure 2B](#fig2){ref-type="fig"}).

To determine whether the decrease in Dnmt1 levels led to efficient demethylation, we analyzed the methylation status of minor satellite repeats and IAP elements in a number of control and knockdown ES cell lines by MSRE analysis. Significant repeat demethylation was observed when Dnmt1 was knocked down, and the methylation levels in the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] ES cells closely resembled the digest of genomic DNA with *Msp*I which cuts irrespective of the methylation status ([Figure 3A and B](#fig3){ref-type="fig"}). Loss of methylation at these repeat elements appears to be primarily caused by the lack of Dnmt1 and largely independent of the *de novo* Dnmts at these early passages.

Using a COBRA assay ([@b40]) we observed loss of imprinting at four imprinted genes following Dnmt1 knockdown as compared with the controls ([Figure 3C](#fig3){ref-type="fig"}). Taken together, these experiments showed that Dnmt1 knockdown resulted in significant loss of methylation at specific genes and repeat elements.

To better quantify these results, we used NNA, which allowed to determine the global amounts of CpG methylation in wild-type and mutant ES cells. We detected ∼2% residual CpG methylation in the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells compared with 22% in the *Dnmt*1 null ES cells and 75% in wild-type ES cells ([Figure 3D](#fig3){ref-type="fig"}). Dnmt3b heterozygous and homozygous ES cells displayed wild-type methylation levels in the presence of Dnmt1 and showed similar loss of methylation within six passages of Dnmt1 knockdown ([Figure 3D](#fig3){ref-type="fig"} and data not shown) confirming the potency of the shRNA.

To test the RRBS approach and to determine whether specific sequences were retaining methylation we generated and sequenced BglII RRBS libraries from wild-type and Dnmt-deficient ES cells.

Sequencing of RRBS libraries
----------------------------

In preliminary experiments we noticed that sequencing RRBS clones with reverse primer had a significantly higher success rate and produced longer reads on average than sequencing with forward primer. We therefore sequenced the RRBS clones single-pass using reverse primer. Only clones with high-quality sequence across the entire length of the insert were used for the final methylation analysis. [Table 1](#tbl1){ref-type="table"} summarizes the sequencing statistics from 960 RRBS clones from Dnmt-deficient cells and 192 clones from wild-type ES cells.

Although blunt-ended PCR products can insert in either orientation into the cloning vector, only a minority had inserts in the orientation that resulted in the C-poor sequence, i.e. the strand that has been modified by bisulfite (153 out of 876 RRBS reads from the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] library). The vast majority of the clones produced the complementary G-poor reads. Notably, the sequence quality was also significantly different for the two orientations. Almost all G-poor reads were high-quality across the entire insert whereas peak heights and quality of many C-poor reads dropped after a few hundred bases, leaving relatively few complete C-poor sequences for the methylation analysis. Preferential cloning in one orientation and high drop-out rate for C-poor strands were more pronounced in the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] library which has an extremely asymmetric base distribution. Of the sequenced inserts 96% from this library consisted solely of three bases, i.e. either A, G and T or A, C and T owing to complete absence of methylated cytosine in the corresponding genome loci. Directional cloning and sequencing bias has been observed before with bisulfite-treated DNA ([@b38]) and is therefore not a RRBS specific phenomenon.

Of the complete RRBS reads from *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells (89%) found a near-perfect match in the reduced representation reference-sequence database and could be placed with high confidence on the mouse genome. The rate of genome alignments for sequences from wild-type ES was slightly higher (94%). Overall, the success rate of full-length, mapped bisulfite sequence was 72% of all clones picked. A schematic of the distribution of RRBS sequences along the mouse chromosomes is available in the Supplementary Data (Supplementary Figures S1 and S2). In addition we have developed a genome browser that allows a more comprehensive view of the genomic environment of the RRBS libraries and the data generated (for a sample screenshot see Supplementary Figure 3).

Fifty-six loci were hit by more than one RRBS sequence from the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] library. Ten of these potentially represent sequences that occur more than once in the genome. The remaining 46 appear to be unique loci that have indeed been cloned and sequenced twice. This is more than the 23 double-hits expected by random sampling of an ideal library, possibly indicating a slight cloning or sequencing bias. Consistent with random cloning, the much smaller number of wild-type RRBS sequences produced only one double-hit. Eleven fragments were sequenced in both cell lines, compared with eight sequence overlaps expected given the number and size distribution of successful reads from each library ([Figure 4](#fig4){ref-type="fig"}). The total length of non-redundant and mapped RRBS sequences was 342 556 bp for *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] and 80 692 bp for wild-type ES cells.

To determine whether these RRBS libraries were generally representative we compared the GC content, the representation of CpG islands, transcripts, promoter regions and different classes of repeat elements between the entire mouse genome ([@b41]), the 500--600 bp BglII fraction thereof and the genome sequences hit by the RRBS clones ([Table 2](#tbl2){ref-type="table"}). While reducing the representation introduced a noticeable bias, in particular a reduction of repeats, bisulfite conversion, PCR amplification, cloning and sequencing did not. The GC content of loci covered by RRBS sequences ranged from 32 to 63%, indicating satisfactory performance of our protocol over a wide range of GC content. Likewise, the distribution of the sequenced clones in the genome did not show conspicuous hot or cold spots (Supplementary Figures S1 and S2). Taken together, our data suggest that RRBS libraries are sufficiently random and representative of the genome fraction used to make them.

Reducing the complexity by size fractionation of a limit digest with BglII (recognition site AGATCT) is expected to bias somewhat against GC-rich regions of the genome. Pooling two single digests with compatible enzymes such as BglII and BamHI (GGATCC) before the size selection would sample the genome more evenly and increase the complexity of the RRBS libraries.

Comparison of wild-type and Dnmt-deficient ES cells
---------------------------------------------------

The RRBS sequences revealed the methylation status of 66212 cytosines in *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] ES cells ([Table 1](#tbl1){ref-type="table"}, bottom half). Only 38 of these were inferred to be methylated, 35 of them in CpG and three in CpT dinucleotide context. Considering the non-random distribution of mC among the four dinucleotides, it unlikely that all of them were caused by incomplete bisulfite conversion or PCR or sequencing errors. Moreover, the 35 mCpGs are ∼1% of all bisulfite-sequenced CpGs, which is close to the 2% mCpG level determined by NNA ([Figure 3D](#fig3){ref-type="fig"}). By comparison, 90% of CpGs were methylated in wild-type ES cells. We also observed a considerable difference in the level of non-CpG methylation \[(mCpA+mCpT)/C\], which was \>250-fold reduced in the Dnmt-deficient ES cells.

In the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] RRBS sequences, 25 020 bases were covered 2- or 3-fold, comprising 4669 cytosines including 217 CpGs. Overlapping RRBS sequences agreed for most loci. In two cases, only one sequenced *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] clone displayed a methylcytosine. At another discordant site, the two reads agreed at one mCpG but disagreed at another.

To address the issue of heterogeneity, we selected 10 loci with mCpGs and 10 loci without methylation and designed specific PCR primers to bisulfite re-sequence them in a targeted fashion. Multiple clones were sequenced for each locus in wild-type, *Dnmt*\[3a^−/−^,3b^−/−^\] and the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells. In all but one case, at least one re-sequenced clone matched the previously determined mCpG pattern precisely, and the overall level of methylation for each region was similar in all cases ([Figure 5](#fig5){ref-type="fig"} and data not shown). Thus, as a rule, a single clone from the RRBS library provides a good indication of the general methylation pattern at any given site. This is in line with the predominantly bimodal methylation profiles observed previously \[reviewed in Ref. ([@b42])\]. For example, \>80% of the loci in the HEP survey of the MHC were either hypermethylated or hypomethylated ([@b29]).

Four representative examples are shown in [Figure 5](#fig5){ref-type="fig"}. For the two loci on chromosome 4 and 15, respectively, all clones, including the clone from the RRBS library, indicated complete absence of methylation in *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells. The sister cell line with normal Dnmt1 levels ([Figure 2](#fig2){ref-type="fig"}) was also considerably demethylated at these sites compared with wild-type ES cells. The two other loci maintained more mCpGs in the methylation-impaired cell lines. The two CpGs on chromosome 17 that were most consistently methylated in *Dnmt*\[3a^−/−^,3b^−/−^\] cells showed also residual methylation in the *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells. One of these two mCpGs was detected in the RRBS clone. Targeted resequencing detected methylation at the second CpG. This pattern is consistent with passive random loss of CpG methylation in *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells.

DISCUSSION
==========

Large-scale random bisulfite sequencing
---------------------------------------

In this study we explored the feasibility of large-scale shotgun bisulfite sequencing for genome-wide analysis of DNA methylation. We have shown that bisulfite sequencing libraries can be made that are largely unbiased and representative and display few false-positive methylcytosines caused by incomplete cytosine to uracil conversion or PCR and sequencing errors.

Insert sizes of the libraries were kept very small (500--600 bp) for two reasons. First, the bisulfite reaction requires relatively high temperatures (50--60°C) and a low pH (pH 5), conditions that are known to cause depurination and strand breakage; smaller molecules are less prone to damage and require fewer PCR cycles to recover intact for cloning than larger ones, thereby minimizing the risk of a skewed representation. Second, larger-insert clones would require sequencing of both strands; however, C-poor strands sequenced poorly in our hands.

We used limit digestion with BglII and size fractionation to reduce the complexity of the DNA. The resulting RRBS libraries cover a small but reproducible fraction of the genome and are therefore suitable for large-scale comparative methylation studies across different strains, tissues or cell types. Based on the overall success rate (72%) and insert-size distributions encountered during this pilot study ([Figure 4](#fig4){ref-type="fig"}), we expect that for a pair-wise comparison, sequencing 100 × 384 RRBS clones from each DNA sample will produce 4.0 Mb of high-quality overlapping bisulfite sequence with 2- to 3-fold coverage in each library of fragments within 1 SD of the mean size. Assuming that improvements in sequencing of C-poor strands (85% success rate) and better libraries with congruent insert-size distributions can be made, the same sequencing effort would yield ∼5.8 Mb of pair-wise comparative sequence which, of course, is still only a tiny fraction of the genome.

At this level of genome coverage, differential methylation at most individual sites in the genome, including many functionally important ones, will escape detection. However, we expect the coverage to be sufficient to generate methylation variable position markers for future bisulfite SNP 'epigenotyping' ([@b17]). A genome-wide set of comparative bisulfite sequences may prove useful to train computer algorithms for predicting methylation patterns. RRBS sequencing may be sufficient to detect genomic imprints (or the loss thereof), tissue-specific regulated methylation domains or long-range methylation gradients along a chromosome. We also envision RRBS applications in epigenetic cancer profiling and bio-marker discovery.

Methylation patterns in methylation-impaired ES cells
-----------------------------------------------------

Despite the essential role of each known DNA methyltransferase during mouse development ([@b11],[@b13]), DNA methylation and the enzymes responsible for its establishment and maintenance appear to be largely dispensable in undifferentiated ES cells. *Dnmt*1 knockout ES cells retain ∼20% CpG methylation probably a result of continuous *de novo* methylation by Dnmt3a and Dnmt3b. Although early passage Dnmt3a/b double mutant ES cells show almost wild-type levels of CpG methylation ([@b43],[@b44]), they progressively lose methylation with \<1% remaining after 75 passages ([@b44]). This gradual loss may reflect the infidelity of the maintenance enzyme Dnmt1.

Our data showed that ES cells lacking DNA methyltransferases Dnmt3a and 3b and with greatly reduced levels of Dnmt1 were viable with 1--2% CpG methylation remaining after only six passages. The extremely low rate of false-positive methylcytosines allowed us to identify and inspect some of the rare sites that retained methylation. There were no obvious hotspots of residual mCpGs in the genome (Supplementary Figures). Also, there was no correlation between the numbers of CpGs and the residual methylation at a given site. The distance to CpG islands or to known genes appeared to be random. None of the loci was notably conserved across species. Finally, no specific motif was detected upstream and downstream of the residual mCpG dinucleotides (data not shown). Our findings provide no evidence of specific maintenance of residual mCpG by yet another DNA methyltransferase. Rather, *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells seem to lose residual CpG methylation in a random fashion over time.

Only 3 of the 25505 sequenced CpT dinucleotides were inferred to be methylated in Dnmt-deficient cells. No methylated CpA was detected. By comparison, wild-type cells showed 0.7% CpT and 2.4% CpA methylation in agreement with previous observations ([@b45],[@b46]). Previous experiments have also shown that the presence of Dnmt1 is not required for non-CpG methylation ([@b46]). In contrast, non-CpG methylation becomes almost undetectable in ES cells lacking Dnmt3a and Dnmt3b ([@b45]). Both global nearest neighbor and our bisulfite-sequencing data therefore suggest that the *de novo* DNA methyltransferases 3a and/or 3b are responsible for asymmetric CpA and CpT methylation in murine ES cells.

CONCLUSION
==========

In this pilot study we have employed a combination of RNAi-induced knockdown and complete knockout of DNA methyltransferases to generate murine ES cells that were almost devoid of DNA methylation. These cells had 1--2% residual CpG methylation left after a few passages, and non-CpG methylation was \>250-fold reduced compared with wild-type ES cells.

Unamplified, nearly methylation-free genomic DNA is an ideal substrate to optimize and test conditions for genome-wide bisulfite conversion, PCR amplification and library construction for future genomic shotgun bisulfite sequencing of mammalian genomes. We have shown that essentially complete bisulfite conversion can be achieved without undue adverse effects on library complexity and sequence representation.

Large-scale random bisulfite sequencing complements existing directed bisulfite sequencing strategies, which are well suited to analyze a limited number of gene promoters and regulatory sequence elements in a large number of samples. One advantage of sequencing clone libraries in a random fashion is that no target-specific PCR or sequencing primers are needed. Once the library is made, the method is amenable to automation and is scaleable. Since the bisulfite reads are not assembled but merely aligned to the reference genome sequence, we expect this method to work well in combination with highly parallel sequencing technologies that produce single reads of ∼100 bases in length ([@b47]). Finally, in principle, bisulfite-converted libraries can be constructed from randomly sheared DNA for future whole-genome bisulfite sequencing.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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![Reduced representation bisulfite sequencing. Genomic DNA is digested to completion using a restriction enzyme (here BglII). After size-selection an adapter is added. The DNA is denatured, and unmethylated cytosines are bisulfite-converted to uracil. The two resulting C-poor strands are no longer complementary to each other. Primers specific for the converted adapter sequence are used to fill-in the second (G-poor) strand and for PCR amplification. PCR products are cloned and sequenced. Sequences generated from RRBS libraries are projected onto the genome by searching against a reduced representation database of BglII fragments that had been size-selected and bisulfite-converted *in silico*.](gki901f1){#fig1}

![Generation of Dnmt1, Dnmt3a and Dnmt3b deficient ES cells. (**A**) *Dnmt*3a/3b homozygous double knockout ES cells have been described earlier ([@b43]). The knockdown virus is expressing a *Dnmt*1 shRNA, whereas the control is not. The infection was termed Passage 0. After the infection ES cells were passaged four times on feeders followed by two additional passages under feeder-free conditions (Passage 6). Number of viral integrations were determined by Southern blotting and clones with single integration were selected (data not shown). (**B**) Western blot analysis. The status of the different Dnmts is indicated above. The knockdown ES cells showed a significant reduction in Dnmt1 levels compared with their sister clone. c/c is a previously reported *Dnmt*1 null ES line ([@b16]).](gki901f2){#fig2}

![Methylation status of the Dnmt-deficient ES cells. All knockdown and control ES cells were analyzed at Passage 6 after infection. (**A**) Minor satellite repeat methylation. HpaII digests of genomic DNA were hybridized to minor satellite probe pMR150. MspI is an isoschizomere of HpaII and cuts irrespective of the methylation status (i.e. appearance of a ladder in HpaII lane indicates loss of methylation). The status of the different Dnmts is shown above the Southern blot. All knockdown and control ES cell lines were generated as described in [Figure 2](#fig2){ref-type="fig"}. Each knockdown line contains a single lentiviral integration (data not shown). (**B**) IAP methylation. HpaII-digested genomic DNA was hybridized to an IAP probe. (**C**) COBRA analysis for imprinted genes. Genomic DNA was bisulfite treated and after PCR amplification of H19, Snrpn, Peg1 and Peg3 a restriction digest was performed to analyze the methylation status of the differentially methylated regions (U = unmethylated, M = methylated). The second (smaller) fragment of the methylated and digest product is not shown. (**D**) Total mCpG quantification by NNA. The spots corresponding to CpG and mCpG are indicated in the upper left panel. The per cent mCpG/(CpG+mCpG) are displayed in each panel (estimated error 5%).](gki901f3){#fig3}

![Size distributions of the sequenced clones from each library. RRBS reads from wild-type ES cells (black) had a mean of 553 bp and an SD of 17 bp. *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] reads were (570 ± 20) bp in size (grey bars). The size distributions of the two libraries were overlapping but not identical.](gki901f4){#fig4}

![Targeted bisulfite sequencing of specific loci. Ten loci for which RRBS sequencing indicated mCpGs in Dnmt-deficient cells and 10 loci that were devoid of methylation were bisulfite re-sequenced using specific primers in wild-type (top), 3a/b double knockout (middle) and *Dnmt*\[1^kd^,3a^−/−^,3b^−/−^\] cells (bottom). Shown are two examples of each set. Each row represents a single sequenced molecule. Filled squares are methylated CpGs and empty ones indicate unmethylated sites. The asterisk indicates the original clone sequenced from the library.](gki901f5){#fig5}

###### 

Sequencing and methylation statistics

  ES cell line                                                          Dnmt\[1^kd^, 3a^−/−^,3b^−/−^\]   wild-type
  --------------------------------------------------------------------- -------------------------------- ------------
  Colonies picked                                                       960                              192
  Bisulfite sequencing reads[a](#tf1-1){ref-type="table-fn"}            876                              186
  Insert in plus orientation[b](#tf1-2){ref-type="table-fn"}            153                              50
  Plus read complete[c](#tf1-3){ref-type="table-fn"}                    38                               23
  Insert in minus orientation[d](#tf1-4){ref-type="table-fn"}           723                              136
  Minus read complete[c](#tf1-3){ref-type="table-fn"}                   719                              134
  Complete bisulfite sequencing reads[c](#tf1-3){ref-type="table-fn"}   757                              157
  Genome hits                                                           676                              148
  Non-redundant genome hits[e](#tf1-5){ref-type="table-fn"}             609                              147
  Total bp of non-redundant genome hits                                 342556                           80692
  Cytosines in aligned genome sequence                                  66212                            15296
  5-Methylcytosine (mC)                                                 38 (0.06%)                       707 (4.6%)
  CpG in aligned genome sequence                                        3458                             594
  mCpG                                                                  35 (1.0%)                        533 (90%)
  CpA in aligned genome sequence                                        23 046                           5601
  mCpA                                                                  0 (0%)                           135 (2.4%)
  CpT in aligned genome sequence                                        25 505                           5924
  mCpT                                                                  3 (0.01%)                        39 (0.7%)
  CpC in aligned genome sequence                                        14203                            3177
  mCpC                                                                  0 (0%)                           0 (0%)

^a^Excludes growth failures, sequencing failures, mixed clones, vector-only clones and a total of nine reads that showed no bisulfite conversion at all.

^b^Sequenced strand is the bisulfite-converted C-poor strand.

^c^High-quality sequence across entire length of BglII fragment.

^d^Sequenced strand is the G-poor complementary strand of the bisulfite-converted strand.

^e^Includes sequences that are duplicated in the genome. BglII fragments that were hit more than once were counted only once.

###### 

Fraction (in per cent) of various types of sequences in the mouse reference genome, the 500--600 bp BglII reduced representation thereof (RR genome) and RRBS sequences from Dnmt-deficient and wild-type ES cells

                                                Genome[a](#tf2-1){ref-type="table-fn"}   RR genome                              RRBS *Dnmt*                            RRBS *wt*
  --------------------------------------------- ---------------------------------------- -------------------------------------- -------------------------------------- --------------------------------------
  GC content                                    42.0                                     41.5                                   43.7                                   43.1
  CpG islands[b](#tf2-2){ref-type="table-fn"}   0.4                                      0.1                                    0.1                                    0.0
  ENSEMBL genes                                 34.3[c](#tf2-3){ref-type="table-fn"}     35.0[c](#tf2-3){ref-type="table-fn"}   41.9[d](#tf2-4){ref-type="table-fn"}   35.3[d](#tf2-4){ref-type="table-fn"}
  Promoter                                      5.0[e](#tf2-5){ref-type="table-fn"}      5.0[e](#tf2-5){ref-type="table-fn"}    7.0[f](#tf2-6){ref-type="table-fn"}    4.7[f](#tf2-6){ref-type="table-fn"}
  SINEs                                         8.2                                      2.7                                    2.6                                    2.3
  LINEs                                         19.2                                     10.2                                   10.7                                   11.3
  LTR elements                                  9.9                                      2.9                                    2.9                                    4.3
  MER DNA elements                              0.9                                      0.2                                    0.1                                    0.2

^a^Repeat and GC content were taken from Ref. ([@b41]).

^b^CpG islands were taken from the mm6 mouse genome assembly on the UCSC genome browser.

^c^Fraction of genome sequence that falls within gene bounds of non-overlapping ENSEMBL gene models.

^d^Fraction of RRBS sequences with significant hits to the ENSEMBL gene fraction of the genome.

^e^Fraction of genome sequence that falls within 5 kb upstream of the transcription start site of ENSEMBL gene models.

^f^Fraction of RRBS sequences with significant hits to regions 5 kb upstream of transcription start sites.

[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors
